Objective: To elucidate the role of platelet-derived growth factor (PDGF) in the pathophysiology of pregnancy-induced hypertension (PIH) in which the spiral arteries of the decidua demonstrate the atherosclerotic change. Design and Methods: We determined serum levels of PDGF and PDGF expression in the decidua as well as serum levels of 17b-estradiol (E2) and progesterone (P4) both in normotensive cases and in PIH cases. Furthermore, we investigated whether sex steroid hormones could interact with PDGF in cultured vascular smooth muscle cells (SMC) by immunohistochemical staining for proliferating cell nuclear antigen. Results: Serum PDGF levels were higher P , 0X01 but serum E2 levels were lower P , 0X01 in PIH cases compared with normotensive cases. There was no statistically significant difference between serum P4 levels in PIH cases and those in normotensive cases.
Introduction
Platelet-derived growth factor (PDGF) was first identified by Ross et al. while studying wound healing and atherogenesis (1) . Since then PDGF has been indicated to have several important roles in cellular proliferation, angiogenesis, tissue injury, and its repair (2, 3) . In particular, PDGF is widely known to be associated with atherosclerosis by stimulating the proliferation of vascular smooth muscle cells (SMC) and fibroblasts (4) .
Pregnancy-induced hypertension (PIH) has been found to show atherosclerotic changes in the spiral arteries of placenta. Zeek and Assali (5) named this change`acute atherosis'. Acute atherosis is described as an accumulation of fat-containing macrophages in the intima of the maternal decidual vessels, with subsequent fibrinoid necrosis of the media and intimal fibroblastic proliferation (6) .
Therefore, it is suggested that PDGF may participate in the pathophysiology of PIH by associating with the atherosclerotic change in the placenta. The purpose of the present study was to elucidate the possible role of PDGF in the pathophysiology of PIH associated with the atherosclerotic change in the spiral arteries in the placenta.
Materials and methods

Subjects
The pregnant women participating in this study were recruited in a consecutive manner from the patients at Kobe University Hospital. All women had singleton pregnancies. None of the women had pre-existing hypertensive disorders or renal diseases. After being fully informed about the objectives of the study, each woman gave written informed consent.
We classified the recruited women into three subgroups. The clinical characteristics of each group are indicated in Table 1 . One of the subgroups (group A: n 10) consisted of primigravid women whose pregnancies were complicated by severe PIH. The clinical manifestations of this group are shown in Table 2 . The mean age of this group was 28X0^4X9 years. The mean gestational age when blood was collected was 31X9^1X4 weeks. In the present study, severe PIH was defined using the criteria of the American College of Obstetricians and Gynecologists (7) . All the women who developed severe PIH had been treated with only diet and rest until they delivered or underwent Cesarean section. The blood samples from the PIH women were obtained within 48 h prior to delivery or Cesarean section. Another subgroup (group B: n 30) consisted of primigravid women whose pregnancies were complicated by preterm delivery. This subgroup was used as a control group for immunohistochemical study of the decidua. The mean age of this group was 27X9^2X0 years. The mean gestational age when delivered was 31X2^1X6 weeks, which was similar to that of group A. The patients of this group were recruited under the following conditions: (i) spontaneous delivery at 34 weeks' gestation or earlier; (ii) no evidence of chorioamnionitis. There was no case associated with premature rupture of the membranes in this group. The criteria used to define the absence of chorioamnionitis were: (a) below the cut off levels (1.5 mg/ml) of granulocyte elastase of cervical mucus and (b) below the cut off levels (0.3 mg/dl) of serum C-reactive protein levels. All the placentae were examined histopathologically after delivery and there were no findings of chorioamnionitis.
For blood sampling, normotensive primigravid women were also recruited as a control group (group C: n 30) for comparative analysis of serum levels of PDGF, 17b-estradiol (E2), and progesterone (P4). The mean gestational age of this group when blood samples were taken was 31X7^1X6 weeks, which was similar to that of group A.
Materials
Phenol red-free Dulbecco's modified Eagle's medium (DMEM) (8, 9) and antibiotic solution (1 Â 10 5 Ual penicillin and 50 mg/l streptomycin) were purchased from Life Technologies (Grand Island, NY, USA). Fetal bovine serum (FBS), E2, and P4 were obtained from Sigma Chemical Co. (St Louis, MO, USA). Monoclonal antibody to the human PDGF-B chain was obtained from Mochida Pharmaceutical Co. (Tokyo, Japan) (10) . Monoclonal antibody to human proliferating cell nuclear antigen (PCNA) was purchased from Calbiochem-Novabiochem International (Uniondale, NY, USA). Human umbilical artery SMC were obtained from Technoclone (Wien, Austria). PDGF-BB was purchased from Genzyme (Cambridge, MA, USA).
Blood sampling
Venous blood samples were taken from each individual of groups A and C into pre-chilled blood collection tubes (Sherwood Medical, Ballymoney, UK) as follows: a 1 Â 10 ml sample into a lithium heparin anticoagulant tube, and a 1 Â 10 ml sample into an ethylenediaminetetra-acetic acid (EDTA) anticoagulant tube. All samples were kept at 4 8C until separated. Plasma was separated from the heparinized sample within two hours of collection to minimize any storage effects. All plasma samples were stored at 220 8C until they were analyzed. EDTA samples were used for E2 and P4 analysis.
Serum PDGF, E2 and P4 assays
Serum PDGF levels were assayed by standard enzyme immunoassay procedures. The standard curve was generated with a recombinant human PDGF (Genzyme). Ninety-six-well plates were coated with monoclonal antibody to the human PDGF-B chain, and the bound PDGF was detected by a goat antibody conjugated with horseradish peroxidase. The sensitivity of this assay was 1.0 ng/ml. Serum E2 and P4 levels in EDTA samples in both groups A and C were measured by radioimmunoassay kits (Diagnostic Products Corporation, Los Angeles, CA, USA).
Immunohistochemical staining for PDGF
Human placentae of both groups A and B were fixed in 4% buffered neutral formalin, dehydrated, and embedded in paraffin. Sections, 5 to 6 mm in thickness, were deparaffinized followed by standard histological techniques. Immunohistochemical staining was performed by the labeled streptavidin biotin (LSAB) method (DAKO, Glostrup, Denmark) as previously described (11) . Monoclonal antibody to the human PDGF-B chain at a dilution of 1:100 was used as the primary antibody.
In vitro culture of vascular smooth muscle cells
Human umbilical artery SMC were plated in a 2.1 cm 2 well at an approximate density of 10 000 cells/well and subcultured for 12 h in DMEM supplemented with 10% FBS, penicillin G, and streptomycin sulfate. Thereafter, the cultured SMC were stepped down to steroid-free conditions by incubating in phenol red-free DMEM containing 1% dextran-coated charcoal-stripped FBS (DCC-FBS) in the presence or absence of PDGF-BB (10 ng/ml), E2 (10±100 ng/ml), or P4 (10±500 ng/ ml). The treatment with PDGF, E2, or P4 was started when the cultured cells were at approximately 40±50% confluence, and monolayer cultures were maintained in phenol red-free DMEM for an additional 48 h. At the termination of cultures, the cells were scraped off with trypsin.
Immunohistochemical staining for PCNA
To investigate the effect of PDGF on SMC proliferation and its possible interaction with sex steroid hormones, we examined the proliferative potential of SMC cultured under the above conditions by immunohistochemical staining for PCNA. Cultured SMC were fixed in 90% ethanol. Immunohistochemical staining was performed by the LSAB method. Mouse monoclonal antibody to human PCNA at a dilution of 1:80 was used as the primary antibody. To assure the specificity of the immunological reaction, SMC in control cultures were subjected to the same LSAB method, except that the primary antibody was replaced by non-immune murine immunoglobulin G (IgG) (Miles, Erkhardt, IN, USA) at the same dilution as used with the specific antibody.
The replacement of the specific primary antibody with non-immune murine IgG resulted in a lack of positive immunostaining.
Immunostaining was analyzed in a`blind' fashion without knowledge of the experimental group. All stained nuclei were scored as positive for PCNA. The PCNA labeling index was determined by observing more than 1000 nuclei for each experimental sample.
Data are represented as means^S.D. Statistical analysis was performed with Student's t-test. An analysis of variance was performed to assess the differences in the PCNA positive rate during the study. Scheffe's test was used to analyze the difference between means. A P value , 0X05 was considered to be significant.
Results
The serum PDGF levels in normotensive cases (group C) and severe PIH cases (group A) are shown in Fig. 1 (top  panel) . The serum PDGF levels in group A were significantly higher than those in group C P , 0X01X Figure 1A and 1B represents hematoxylin and eosin (H-E) staining and immunohistochemical staining for PDGF in the decidua from preterm delivery cases (group B). Immunohistochemical staining demonstrated that PDGF was scarcely apparent in the spiral artery in the decidua in group B. On the other hand, immunohistochemical staining in the decidua from severe PIH cases in group A revealed that PDGF was abundantly present in the SMC of the spiral artery in the decidua (Fig. 1D) . Furthermore, the immunolocalization of PDGF in group A coincided closely with the lesion of atherosclerotic change seen with H-E staining (Fig. 1C) .
Serum E2 and P4 levels in groups A and C are represented in Fig. 2 . Serum E2 levels were significantly lower in group A than in group C P , 0X01X There was no significant difference in serum P4 levels between group A and group C. Figure 3 shows the PCNA positive rate of SMC cultured in the absence or presence of PDGF, E2, or P4. Treatment with PDGF resulted in a significant increase in the PCNA positive rate in cultured SMC P , 0X001 relative to that in control cultures, whereas treatment with E2 resulted in a significant decrease in the PCNA positive rate of cultured SMC P , 0X01X No significant change in the PCNA positive rate was obtained with treatment with P4. Moreover, the increase in PCNA positive rate of cultured SMC caused by treatment with PDGF was significantly suppressed in response to concomitant treatment with PDGF and E2 P , 0X01X
Discussion
Although PDGF was first purified from human platelets, it has been found to be produced by a number of other cell types, including macrophages, endothelial cells and even SMC (4, 12, 13) . It is released from a-granules of platelets when platelets aggregate, and increases proliferation of fibroblasts, SMC and glial cells in vitro. Therefore, PDGF is thought to participate in wound healing and the development of atherosclerosis (14, 15) . Recent studies also indicate vital roles for PDGF in regulating normal and pathological cell proliferation and inflammation (16) . Cultured SMC have been reported to produce PDGF and to respond to PDGF in an autocrine and paracrine manner, as a function of their developmental stage (17, 18) .
The pathological changes of PIH in the spiral arteries at the implantation site were first described by Hertig (6) . Since then, acute atherosis has become the hallmark of PIH, and it is generally believed that the other major placental changes are the result of the altered placental bed vessels (19, 20) . Acute atherosis in PIH is characterized by fibrinoid necrosis of the vessel wall, accumulation of lipid-laden macrophages, and a mononuclear perivascular infiltration (21) . These changes are observed in both myometrial and decidual spiral arteries (22) .
In this study, we aimed to elucidate the role of PDGF in acute atherotic lesions of the spiral artery of the decidua, characteristic of the pathophysiology of PIH. Serum PDGF levels in severe PIH cases were significantly higher than those in normotensive cases in the present study. Immunohistochemical staining demonstrated more abundant expression of PDGF in spiral arteries of the decidua in PIH cases compared with normotensive cases. These immunohistochemical localizations of PDGF closely coincided with the lesion of atherosclerotic change observed in H-E staining. Moreover, treatment with PDGF resulted in a significant increase in the PCNA positive rate of cultured SMC. These results indicate that PDGF may play a significant role in stimulating SMC proliferation in the spiral artery in PIH cases. It seems that the abundant expression of PDGF in the spiral artery may lead to higher concentrations of PDGF in serum in PIH cases compared with those in normotensive cases. Recent studies have shown greater expression of PDGF in the fetal part of the placenta in pre-eclamptic cases than in normotensive cases (23, 24) . The present study demonstrates, for the first time, the potential role of PDGF in the decidua, which is the maternal part of the placenta, associated with PIH, It is noteworthy that the addition of E2 resulted in a significant decrease in the PCNA positive rate of cultured SMC, whereas the addition of PDGF resulted in a significant increase in the PCNA positive rate of those cells. These results indicate that PDGF stimulates SMC proliferation while E2 inhibits SMC proliferation. The increase in SMC proliferation stimulated by the addition of PDGF was significantly inhibited in response to concomitant treatment with PDGF and E2. In cultured human endothelial cells, preeclamptic sera have been shown to stimulate the expression of PDGF (25) . Considering the fact that serum E2 levels were lower in severe PIH cases compared with normotensive cases, our results imply that PDGF-induced proliferation of SMC may be accelerated under the endocrine milieu found in pregnant women with severe PIH.
The pathophysiology of PIH is likely to involve a variety of factors. More studies on the interaction with Figure 1 (Top panel) Serum PDGF levels in normotensive and severe PIH cases. *P , 0X01X (Bottom panels) H-E staining (A) and immunohistochemical staining (B) for PDGF in the decidua of normotensive preterm delivery placenta, and H-E staining (C) and immunohistochemical staining (D) for PDGF in the decidua of severe PIH placenta. Bars 5 mmX Original magnification, Â400.
other growth factors or cytokines will be needed to elucidate the molecular mechanism underlying the pathophysiology of PIH. PDGF has been found to be produced by both SMC and endothelial cells. D'Amore and Smith (26) reported that PDGF had more effect on SMC growth than on endothelial cell growth. On the basis of the abundant expression of PDGF in SMC of spiral arteries in the decidua and its stimulatory effect on vascular SMC proliferation which may elicit the atherosclerotic change in the spiral artery of the decidua, our hypothesis that PDGF may play an important role in the pathophysiology of PIH seems to be ensured.
